The ornamental plant Alternanthera ficoidea (also named A. tenella), which is common and widespread throughout the tropics and is being increasingly regarded as an invasive, problematic weed, has been explored as a bioagent in greywater treatment. In the recently developed SHEFROL ® bioreactor, it was seen to treat greywater of varying strengths (250-1,300 mg/L chemical oxygen demand, COD) quickly and substantially to the extent of 75-77%. Biological oxygen demand (BOD), nitrogen, phosphorus, suspended solids, and heavy metals copper, nickel, manganese, and zinc were also removed to the extents of 83.5, 94.9, 33.1, 27.0, 44.8, 27.5, 38.2, and 43.2%, respectively. As all this was achieved in a single pot, single step, and in a simple reactor operation, at hydraulic retention times of a mere 6 h, it shows the process to be several times more efficient as well as potentially less expensive than the conventional treatment systems which utilize macrophytes in tanks or constructed wetlands.
INTRODUCTION
The challenge posed by greywater Greywater, which is the term used to denote the biodegradable wastewater that is generated by human dwellings, is the most voluminous and ubiquitous of all wastewaters that occur in developing countries. India alone generates an estimated 49 billion m 3 of greywater every year and as much as 80% of it is discharged untreated in rivers, lakes, ponds, sea, or on land (Tauseef et al. ; Narain ) . Besides seriously polluting natural water-courses in this manner, greywater is also the cause of the spread of intestinal parasites and other water-borne diseases that take a heavy toll on human health and vitality. A similar situation prevails in most of the developing countries where the majority of human population dwells.
It is not as if technology is not available to treat greywater. Indeed, a large number of options are available and they are utilized, too, in centralized sewage treatment systems (Sincero & Sincero ; Bajwa ; Abbasi & Abbasi ) . But such systems are expensive to install and maintain. As a result, only a limited fraction of the population in the developing countries, largely that which is confined to a few urban areas, is served by them. Most suburban areas and villages in developing countries have no greywater treatment facility.
In an attempt to rectify this situation, which requires technology of greywater treatment which is not only inexpensive and effective but simple to maintain, these authors have developed a novel SHEFROL ® bioreactor, of which a patent claim has been registered (Abbasi et al. ; Abbasi & Abbasi ) .
Some of the distinguishing features of SHEFROL ® are as follows:
(1) At its heart are plants (botanical species), of which many have not been used so far for wastewater treatment. These include terrestrial and amphibious plants, besides aquatic macrophytes. (2) No scaffold of any kind nor any gravel/sand/stone layer is used to support the plants as in other (reported) hydroponic/thin film wastewater treatment systems. This does away with the need to invest in such support systems, reduces carbon footprints, makes the system more easy and quicker to set up and operate, and ensures that the available reactor space is put to maximum use. (3) Unlike other plant-based systems reported so far, the SHEFROL ® unit requires no auxiliary aeration device, nor any external mixing/agitation, etc., is needed as in the other plant-based systems. (4) SHEFROL ® is several times faster than the other plantbased systems employed thus far, and is comparable to; in some instances even quicker than, the conventional activated sludge process/fluidized bed reactor systems. (5) The configuration of SHEFROL ® and its components ensure optimal and flexible space utilization besides ease of expansion. (6) The shallow depth of water maintained in the SHEFROL units, and the agitation that is caused as the water flows through dense plant roots, ensures that the DO levels are maximized and are near constant throughout the depth of the unit, thus ensuring uniform and fast treatment. (7) Operation and maintenance requirements are so simple that even laypeople without formal education can manage these plants after minimal training.
Until now, for SHEFROL ® , we have utilized freely available ─ mostly weedy ─ plants. The plants are stocked in channels through which greywater is passed in a sheet of thickness roughly equal to the length of the plant roots. This SHEFROL ® (SHEet Flow ROot Level) movement of greywater ensures maximum contact between the greywater and the plant roots. Past studies on the mechanism of wastewater treatment by aquatic macrophytes in laboratory-scale experiments and the conventional stabilization ponds, as reviewed by Abbasi & Abbasi () , have shown that the plant roots are a hub of activity and the bulk of the wastewater treatment occurs there. SHEFROL ® has been designed to maximize the gains from this attribute of plant roots.
Alternanthera ficoidea
A. ficoidea is a herbaceous perennial of Amaranthaceae family (Patil & Kore  (Silveira et al. ) . It is a hardy plant which, even though preferring tropical weather, can thrive even when ambient temperatures are as low as 1 C. These attributes, besides allelopathy, has made A. ficoidea into an invasive alien weed throughout India (Patil & Kore ) . It is already classified as an invasive weed in the Philippines and is spreading in many Pacific islands.
The present work
The present work aimed to take advantage of the easy and free availability of A. ficoidea by exploring its possible use as a bioagent for treating greywater in SHEFROL ® reactors. Previous reports on the use of A. ficoidea or other terrestrial plants in wastewater treatment have been confined to their non-exclusive deployment in artificial wetlands where several species of plants together with soil cause wastewater treatment at hydraulic retention times of >24 h ( . It is fairly common in water-stressed countries to use partially treated greywater for irrigation (Dickin et al. ; Pan & Chu ) . This is done despite the many documented risks to human and environmental health associated with it (Wang et al. ), but the focus is on irrigation rather than greywater treatment even though a few studies do exist on the changes that occur in wastewater quality when it is passed through biofilters (Chowdhury & Rajput ) .
The present report is arguably the first in which A. ficoidea has been exclusively used to treat a wastewater in a soil-less reactor.
MATERIALS AND METHOD Collection and acclimatization of A. ficoidea
Mature and healthy A. ficoidea plants of average height about 30 cm were collected from areas close to the author's workplace. Care was taken to pick the plants from their moorings in such a way that minimum damage occurred to their roots. After bringing to the laboratory, the plants were packed into SHEFROL ® channels ( Figure 1 ). They were fed a nutrient solution for 3 days to enable them to acclimatize to a soil-free existence. The composition of the nutrient solution is as presented in Table 1 . Initially, the plants looked fatigued and drooped but fully recovered within 3 days to gain the healthy and vigorous appearance they had at their place of natural growth.
The SHEFROL ® reactors
The schematic of the SHEFROL ® reactors, set up at bench scale, is as depicted in Figure 1 . After reconnoitery studies with channels of different dimensions, a width of 15 cm and a depth of 10 cm was found to best suit the system as it helped the plants, when densely packed, to remain erect without any support media or anchor (Abbasi et al. ; Abbasi & Abbasi ) . Accordingly, 4 m long channels of these dimensions were utilized. The arrangement also minimized short-circuiting and maximized agitation as the wastewater moved through the plant roots, enabling a near plug-flow reactor operation.
Aluminum foil of 28 gauge thickness was utilized to fabricate the channels which were then lined with HDPE (high density polyethylene) sheets to prevent rusting and leakage. The units were set up in the courtyard of the building where the authors work.
The raw greywater used in the study had COD, BOD, total Kjeldahl nitrogen, and soluble phosphorus in the range 2,600-2,900, 1,400-1,850, 69-88, and 36-55 mg/L, respectively. It was diluted with tap water (pH 6.1-6.9, total dissolved solids 235-250 mg/L) to obtain lower strength greywater of desired COD levels.
At the beginning of the experiments, the greywater was fed at the receiving end of each channel using plastic buckets which had a tap fixed near their bottom (Figure 1(a) ). The buckets were positioned in such a way that they released the wastewater at the top end of each SHEFROL ® channel. The treated water was allowed to flow out from near the bottom at the other, exit, end of each channel. In this manner, the flow was maintained by utilizing the liquid head and without the need of any pumps. The hydraulic retention time (HRT) for any given depth of channel operation was controlled by appropriately positioning the influent release level and the rate of inflow-outflow. Later, and for the sake of generating authentic data, the bucket-based feed arrangement was substituted with peristaltic pumps (Figure 1(b) ). Even though the latter delivered precisely controlled flows and enabled accurate maintenance of the HRTs, it soon became obvious that the previous arrangement was not inferior. Despite imprecisely controlled inflows, the A. ficoidea channels were able to treat the greywater without any loss of performance, and the steadiness of the treatment in the pump-fed channels was comparable with the performance of the channels which were fed using the buckets. It reflects the robustness of the SHEFROL ® bioreactor.
Use of COD as an indicator parameter and analytical quality control
In order to monitor the reactor performance quickly and inexpensively, chemical oxygen demand (COD) was employed as an indicator or 'tracer' parameter. This was done because: (a) COD includes biological oxygen demand (BOD) and hence reflects the action of A. ficoidea on most forms of organic carbon present in the wastewater; (b) it can be rapidly assessed in contrast to BOD which takes 5 days; (c) biodegradable carbon is the largest component that requires treatment in greywater; and (d) plants always take up nitrogen, phosphorus, and other elements from water for their growth; hence, those components of greywater are certain to be reduced if A. ficoidea can survive in the greywater and reduce its organic carbon. Parallel studies, reported later in this paper, on the extent of removal of BOD, suspended solids (SS), total Kjeldahl nitrogen (TKN), soluble phosphorus (SP), and heavy metals in the SHEFROL ® channels planted with A. ficoidea have vindicated this reasoning.
The samples to test the characteristics of the untreated greywater were drawn from the points of the greywater's entry to, and exit from, the SHEFROL ® channels, respectively. The sampling and analysis of all variables was done as per standard methods (APHA ). Three sets of the influent and effluent samples were drawn daily at 14 h, and separately pooled before they were analyzed immediately after the sampling. Whereas BOD, SS, and TKN were determined by wet chemical methods, phosphorus was estimated spectrophotometrically with the help of a Lab India À UV 3000þ instrument. For heavy metals, a Perkin Elmer AA 800 atomic absorption spectrometer was used with its flameless atomizer accessory. The precision of the analysis was ensured by checking the reproducibility of each measurement while the accuracy was achieved by assessing recovery using the method of standard addition. The latter helped in preventing matrix interferences from affecting the analysis results (APHA ; Abbasi ; Sarkar & Abbasi ).
RESULTS AND DISCUSSION
The first series of experiments were carried out with greywater that had COD in the 300 ± 50 mg/L range.
In the very first reading of the input-output COD, taken 24 h after the start of the SHEFORL ® reactor, 32% COD removal was recorded in the channel stocking A. ficoidea. In contrast, the control channel, which had no A. ficoidea, achieved only 7% COD removal (Table 2) . In subsequent days, the level of greywater treatment in A. ficoidea stocked channel, as reflected in the extent of COD removal, rose to 68% by the end of the 7th day. From the 8th day onwards, a steady state of A. ficoidea performance was reached because, thereafter, the level of treatment achieved by it fluctuated within a narrow range of 74.8 ± 1.2%. All the while, the control channel, in which only atmospheric aeration and effect of sunlight were causing COD removal, recorded only 8.5 ± 1% treatment.
In the next experiment, four channels stocked with A. ficoidea were operated simultaneously, but with greywater (of 300 ± 50 mg/L COD) fed at different HRTs of 2, 4, 6 and 8 h, respectively. The results (Table 3) reveal that even at the very low HRT of 2 h, 57.5 ± 1.6% treatment was achieved at the steady state. At 4 h HRT the extent of treatment at steady state rose to 62.9 ± 1.7% and reached 75 ± 1.6% at 6 h HRT. At the highest HRT of 8 h, only a marginal gain of 0.8% was seen over and above the extent of treatment achieved at 6 h HRT. This indicates that an HRT of 6 h gives the best balance between the efficiency of the treatment (indicated by the value of the HRT; the lesser the HRT, higher the reactor efficiency) and its extent (reflected in the extent of COD removal).
In the next four experiments, treatment of greywater of progressively higher strengths was explored (Tables 4-7) . Steady state COD removals of 75.7 ± 1.5, 76.6 ± 1.3, and 75.8 ± 1.1% were achieved when influent CODs were of the order of 600 ± 50, 900 ± 50, and 1,200 ± 100 mg/L, respectively (Tables 4-6 ). The differences are only marginal and none is statistically significant. But when greywater of still higher COD was explored, the reactor performance came down significantly ─ with only 60.5 ± 2% COD removal. The A. ficoidea plants also showed signs of stress. It can be deduced that at CODs higher than 1,200 ± 100 mg/L, the performance of A. ficoidea may begin to drop and that the species would be well suited to treat CODs of the order of 1,300 mg/L.
It is interesting as well as significant that A. ficoidea treats greywater of widely verying COD strengths ─ differing by over four orders of magnitude ─ to a very similar fraction of COD removed: about 75%. This characteristic, of a Average ± SD at steady state, i.e. for 8-15 days 57.5 ± 1.6 62.9 ± 1.7 75 ± 1.6 75.8 ± 1.3 Average ± SD at steady state, i.e. for 8-30 days 75.7 ± 1.5 9.7 ± 1.3 macrophyte reducing COD of widely verying concentrations to the same fraction of influent COD, has been witnessed earlier with free-floating aquatic weeds Eichhornia crassipes, Salvinia molesta, and Pistia stratiotes (Abbasi & Nipaney ; Abbasi ; Abbasi & Nipaney ; Bhat ). Evidently, terrestrial macrophytes like A. ficoidea also possess similar virtue. The advantage of this attribute is that in real-life wastewater treatment plants, where influent characteristics very significantly in time, the A. ficoidea based system are likely to deliver a steady level of treatment. They are also likely to withstand shock loads.
A. ficoidea was able to remove BOD, SS, TKN, SP, and metals copper, nickel, manganese, and zinc present in the greywater to significant extents (Table 8) . SS was almost totally removed and the average removal of BOD was in excess of 83%. TKN, SP, copper, nickel, manganese, and zinc were removed to the extents of 33.1 ± 1, 27 ± 1.6, 44.8 ± 1.5, 27.5 ± 1.3, 38.2 ± 1.6, and 43.2 ± 2.6%, respectively (Table 8) , corresponding to the average removal of 13,008, 513, 582, 385, 344, and 1,123 mg of these substances per m 3 of the effluent, respectively. It is evident that A. ficoidea is able to achieve both primary and secondary treatment in a single process step. Additionally, it achieves significant tertiary treatment as substantial portions of nitrogen, phosphorus, and heavy metals are also removed.
Although the experiments spanning several months, the A. ficoidea plants remained healthy and had no pest attack or disease. Only occasionally was it required to remove dead plants which were easily identifiable by the wilting of their leaves, and to replace them with plants freshly plucked from their natural stands.
It has been shown by us earlier (Ganesh et al. ; Kumar et al. ; Kumar ; Patnaik ) , that when weedy species like A. ficoidea die in the channels and are removed, or are harvested to check overgrowth, volatile fatty acids (VFAs) can be 
SUMMARY AND CONCLUSION
The terrestrial plant 'slender joyweed' (Alternanthera ficoidea), which is also named A. tenella, has been explored as a bioagent in SHEFROL ® bioreactor for treating greywater. SHEFROL ® is comprised of specially designed channels in which A. ficoidea was stocked to capacity and greywater was passed through the channels in a sheet of thickness roughly equal to the length of the A. ficoidea roots. No scaffold or media was used to support the plants nor was any device used to aerate or agitate the water. It was seen that greywater of varying strengths (in terms of 250-1,300 mg/L COD) was treated quickly and substantially to the extent of 75-77% removal of the COD. Biological oxygen demand, nitrogen, phosphorus, suspended solids, and heavy metals copper, nickel, manganese, and zinc were Average ± SD at steady state, i.e. of 9-30 days 60.5 ± 2 8.6 ± 1.1 13  80  95  31  27  43  26  38  46   16  83  97  33  30  44  28  40  41   19  85  94  35  28  46  27  38  39   22  84  93  36  26  48  29  36  45   25  86  94  34  25  45  25  41  47   28  83  96  33  27  44  27  39  44   31  82  95  32  29  43  28  39  43 Average ± SD 83.5 ± 2 94.9 ± 1.1 33.1 ± 1.6 27 ± 1.6 44.8 ± 1.5 27.5 ±1.3 38.2 ± 1.6 43.2 ± 2.6 also removed to the extents of 83.5, 94.9, 33.1, 27.0, 44.8, 27.5, 38.2, and 43 .2%, respectively. Significantly, all this was achieved in a single pot, single step, and in a simple reactor operation, at hydraulic retention times (HRTs) of a mere 6 h. This indicates that the process is several times more efficient, as well as potentially less expensive than the pre-existing treatment systems which utilize macrophytes in tanks or constructed wetlands. Modeling of reactor behavior showed that it is possible to forecast with reasonable accuracy the extent of treatability likely for HRTs of !3 h. A 10-fold increase in COD loading rate caused only a 20% variation in the extent of COD removal, indicating the robustness of the SHEFROL ® bioreactor.
